We report on the concept, generation and first observations of focused surface plasmons on shaped gratings. The gratings patterns are engineered to perform functions such as focusing or directing through noncolinear grating-assisted phasematching. Surface plasmons can be exited resonantly when the plasmon k-vector matches the projected light k-vector. A grating vector shifts the latter in an engineered continuous way. An appropriately shaped grating can ensure the creation of plasmons in a predefined direction, e.g. towards a common center. The conceptually simplest example is the bulls-eye structure (concentric rings) that directs plasmons towards (and away from) the center for perpendicular illumination. For focusing of plasmons under increasingly angled illumination the grating has to add less k-vector before the focal point and more behind the focal point so that the grating pattern resembles cuts through angled cones or shifted circles ( fig 2) ; corresponding to the Fourier transform of a circle in k-space that is shifted from the center by an amount corresponding to the projected light vector. We present local probing of the plasmon propagation by phase sensitive PSTM (fig 3) of the field distribution on engineered gratings (fig 4) , showing the focusing and directing of beams of plasmons. Plasmons created on shaped gratings like these hold promises for the creation of efficient and highly confined excitation sources at optical frequencies. The optimal shape of the gratings will be the subject of future research
INTRODUCTION
Surface plasmon polaritons (plasmons for short) have been applied with considerable success as sensitive surface sensors. 1 Recently there was a new wave of interest in relation to left handed materials, 2 enhanced transmission through sub-wavelength holes 3 and as (temporary) carriers of entanglement.
4
The combination of optical frequencies and the charge density nature of the wave allows for highly confined excitation and holds promise for nano-optical integrated circuits. 5 For sensors it is generally enough to generate plasmons on flat surfaces in more or less plane waves. For the entanglement and subwavelength transmission the patterning of the surface was the driving force behind plasmon excitation but they ware still generated using a single k-vector per wavelength, sometimes using one k-vector and its opposite. For nano-optics plasmon will have to controlled as two dimensional waves on the surface. They will have to be guided and steered and their k-vector content will have to be controlled. Plasmons have already been steered and confined on structured surfaces, 6 7 to some extent. Here we concentrate on efficient two dimensional plasmonic focusing by generating the plasmons in a focussing pattern directly. We present, the concept, creation and measurement of full 2D directed plasmons on specifically engineered gratings with phasematching for all propagation directions and lifting of degeneracy to prevent outward propagation. We directly map the plasmon focusing by phase sensitive PSTM, revealing the controlled noncolinear phase matching for all directions.
In sensor applications plasmons are generally created using a Kretchsmann configuration 8 where the angle of incidence of the light determines the length of the projected k-vector (k l ). Since the plasmon mode constitutes a longitudinal oscillation of the charge the electric field also has to have a component along the direction and only P-polarized light can be used for excitation. The projected k-vector corresponds to an effective wavelength on the surface over which the phase of the incident light varies over a complete cycle. The projected vector has to match the vector of the surface plasmons (k p ) at the frequency of the incident light for maximum transfer of energy to the plasmon mode. 9 The fact that the light strikes the surface at an angle is only relevant with respect Figure 1 . The equivalence of different methods to achieve a periodic phase on the surface to the required phase variation over the surface. The phase variation need not be achieved by angled illumination if it can be achieve in another way. One possibility is the use of a grating. In this case the grating can be viewed as no more than a projection of the 2π periodicity of the tilted wavefront. In figure 1 the transformation from angled illumination via bulk optics to a gratings is depicted. It serves to show in an intuitive way that the grating profile is nothing more than the projection of the prism surface in a way similar to the surface of a Fresnell lens. It shows that the optimum grating profile for unidirectional excitation of plasmons is a triangular profile with a modulation depth of λ/2. If the modulation depth is less, the result can be viewed as a combination of a fully modulated field and an unmodulated offset. The grating need not be separated from the surface but might be integrated into it.
The comparison to angled beams and bulk optics suggests that there are other possibilities. To create plasmons that converge to a center point from all directions you need light the is angled towards that center from all directions. In bulk optics this is achieved through an axicon or cone shaped piece of material. For the grating profile this implies concentric circles with angled faces. If the periodicity of the grating matches the periodicity of the plasmon resonance they are created as a converging field (except for the polarization requirement that restricts the full circle pattern to two butterfly wings for a linear polarization input)
In general any pattern of indentation or holes constitutes a grating where the strength of grating vectors correspond to the Fourier component of that vector in the pattern. this type of matching to an array vector was used in entanglement transfer. 4 The concept of engineered phasematching in a 2-dimensional grating was also explored in the context of quasi phasematched frequency conversion in 2D poled lithium niobate crystals.
10 Since most gratings are real symmetric objects (not a triangular profile but a tophat profile they tend to have similar Fourier coefficients for the forward and backward direction. The bulls-eye 11 structure (as a two level grating) has indeed also been proposed for focused plasmon transmission through subwavelength holes. In that case however the generation of converging plasmons was as strong as the generation of diverging plasmons because the grating matched both directions equally well.
In order to excite plasmons the projected k-vector has to match the k-vector of the plasmon resonance. Comparison of the plasmon dispersion relation with that of light in air shows that the k-vector of light generally has to be enlarged to match the plasmon vector. This means that angled incidence in air never yields sufficient k-vector. The k-vector can however be enlarged by passing the light beam through a piece of glass (or other high index material). In the Kretchsmann setup this is done by angling the beam in a prism that is attached to the lower side of metal layer. The metal layer must be thin enough for the evanescent part of the light that is reflected to reach the other side. The plasmons are then created on the metal-air interface. The glass prism also has some practical advantages because the total reflection of light means that no light other than the evanescent wave is present on the metal-air interface. It also serves as the support for the metal film.
We combine the Kretchsmann approach with the use of gratings to create our converging plasmon fields. Since we have the high angle of incidence we do not suffer a high transmission through the metal film as would be the case for the perpendicular incidence. However the angled incidence means that the grating vector now has to be different for each direction. The coupling strength of each vector is determined by the Fourier component of that vector in the grating pattern. In order to explain the result of the combination of angled incidence and a grating we return to the conceptually simplest example of the bulls-eye where the circular grating has a period that directly matches the plasmon k-vector. The Fourier transform of the bulls eye consists of a ring pattern in k-space with the dominant radius equal to the k vector of the plasmons (figure 2 top row). Light that comes in perpendicular to the grating is phasematched for plasmon creation towards the center as well as away from the center. This degeneracy between the converging and diverging plasmons can be lifted by tilting the incident light field (angle θ in figure 2 middle and lower row). The projected k-vector of the light introduces an asymmetry in all planes except the plane perpendicular to the plane of incidence (where no plasmons are created for p-polarized light). On this grating the plasmons are created towards the center for all directions. The grating phase is the accumulated phase from the center r 0r · k g ( r)dr. The grating pattern for k l < k p resembles cuts through a tilted cone and therefore ideally the grating profile is triangular. The Fourier transform corresponds to a shifted circle, shifted by the length of the projected light vector that it has to compensate for. If the grating is symmetric (as will be the case for many fabrication techniques), the grating will have a symmetric Fourier transform with a negative component for every positive component so that the total transform consists of two sifted circles, shifted in opposite directions. For θ larger than the angle for plasmon generation without a grating, the shift of the circle exceeds the radius (figure 2 lowest row). At those values for φ where k p ⊥ k g the grating period along k p goes through infinity, corresponding to an asymptotic behavior in real space.
SAMPLES AND MEASUREMENTS
Our samples consist of microscope slides coated with a thin layer of gold on a chromium adhesion layer (2nm chromium and ∼50nm of gold coated through evaporation). AFM traces show a surface roughness of 1nm rms with incidental 4nm peak-peak. The gratings structures are created on the top side of the gold by focused ion beam milling with Ga ions. From SEM images, the grating depth is estimated at 20-25nm. Surface reflection measurements were done on bare gold to establish the existence of the characteristic plasmon dip and to roughly estimate the layer thickness (which shows up in the reflection modulation depth). We measured on 1D gratings first that were rotated in the plane of the grating (changing φ, for constant θ) to observe noncolinear plasmon generation and establish the correct material properties that determine the k-vector for plasmon resonance. We did not consider possible photonic bandgap dispersion effects.
13
The Photon Scanning Tunneling Microscope (PSTM, also known as NSOM or SNOM) was reported in detail before.
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In brief, it is a raster scanning method to probe the local electric field using a tip with a subwavelength aperture (typically less than 100nm). The tip is kept at a constant distance from the surface using a shear force feedback. For these measurements the surface is raster scanned with a step size of typically 50nm. For phase sensitive PSTM part of the excitation light is split off (see fig. 3 ) and sent through a reference arm where the frequency is shifted for heterodyne detection. The light in the reference arm is combined with light that is picked up from the sample. The beams interfere on a detector and that signal is amplified in a lock-in amplifier to yield the amplitude and phase of the local light field. The combination of amplitude and phase allows the reconstruction of the field vector. This is, to the best of our knowledge, the first demonstration of phase sensitive PSTM plasmon measurements on a metallic structure. We use a Kretchsmann-like setup where the light strikes the surface at an angle above the critical angle so that only evanescent waves are created and no direct transmission is observed. The microscope slide and prism are attached with a small amount of index matching fluid.
We present controlled focusing of plasmons on gratings of "tilted cone" patterns. Observation of the phase shift and the propagation direction is not possible using only intensity PSTM; the phase information is a crucial.
RESULTS AND DISCUSSION
The grating structure on the surface of the gold introduces the modulation on the projected light to create the light field to drive the plasmon creation. This (evanescent) driving field is detected by the PSTM independent of the presence of plasmons. The Fourier transform of that field thus corresponds to the convolution of the Fourier transform of the incoming light (a delta function) with the Fourier transform of the grating (two shifted rings). Since the grating is a real object the Fourier transform of the total grating contains two shifted circles, shifted in opposite directions, corresponding to the different directions in which the grating can be used. The phase on the circles contains the information about the direction of the pattern. When the grating is combined with a projected light field (with a unique direction) the (first order) modulated light field for the excitation of plasmons has a Fourier transform that contains the two circles, shifted by the projected light vector. If one circle is centered on the origin and has a radius corresponding to the plasmon resonance then plasmons will be generated in concentric rings. The direction of the projected light in combination with the direction of the pattern determines whether the plasmons are generated converging or diverging. (c-e) shows a measurement on the plasmon resonance. The measured circle section in 4d coincides exactly with the Fourier transform of the grating centered on the end of the projected light vector. Where the phasematching condition is fulfilled and the polarization contains a component along the propagation direction of the plasmons, resonant plasmon can be generated. An indication for resonant excitation is an increase in the amplitude of the detected field. Here the polarization was rotated through 30 o . The rotation of the pattern of the measured amplitude serves to highlight the fact that these are plasmons and not just diffractive modulation (polarization insensitive). (c) the real part of the signal, (d) the Fourier transform of (c), (e) the amplitude only. Alignment was not yet perfect and repeated scanning caused localized damage to the grating, especially the lower right corner. The light comes in from the left so that the streak of plasmons is traveling against the incoming light. Most of the plasmon creation is on the part of the grating with a highly modulated pattern, experiencing many modulation periods over a short distance. Although the small plasmon propagation length on these samples limits the center intensity the pattern clearly shows the generation of plasmons aimed at the common centre. Part (f) shows the Fourier transform when the grating is tilted away from the plasmon resonance, yielding two shifted circles, highlighting the mismatch.
CONCLUSIONS
In conclusion, we have shown phase sensitive PSTM measurements of the creation of directed plasmons on specifically engineered gratings.We believe that this method of directed plasmon creation opens up possibilities for efficient localized excitation sources at optical frequencies.
